We have identified a factor from rat liver cytosol that enhances the DNA-cellulose-binding ability of the glucocorticoid receptor and lowers the sedimentation value from 9-10 S to 4-5 S. Cytosol is prepared in the presence of molybdate, and unactivated receptor is isolated by chromatography on DEAE-cellulose in the presence of molybdate. This receptor sediments at 9-10 S and has little affinity for DNA. If the molybate is removed and the receptor is incubated at 25 OC with the low-salt wash of the DEAE-cellulose column, DNA binding is enhanced by 50-600 % relative to controls incubated with buffer only. In addition, the factor present in the low-salt wash converts the 9-10 S receptor into a mixture of 5 S and 4 S forms. The factor must be present during the incubation in order to exert its maximal effect. Factor added after the incubation has only marginal effects on the DNA-binding ability of the receptor, indicating that the factor does not increase the DNA-binding ability of activated receptor. Moreover, the factor is significantly less effective on receptor that has been activated before incubation with the factor. These results suggest that the factor acts as an activation enhancer. Preliminary characterization indicates that the activation enhancer is a trypsin-sensitive protein of approx. 70000 Da, whose activation-enhancing properties are inhibited by ATP. RNAase A, which has effects similar to those described above on the 7-8 S receptor, does not mimic the effects of the activation enhancer on the 9-10 S receptor.
INTRODUCTION
The mechanism by which the glucocorticoid-receptor complex is converted from the unactivated 9-10 S form into the activated 4-5 S form remains a mystery, despite substantial efforts to understand this process. We have previously presented evidence that the 9-10 S form of the receptor can be converted into a low-salt 7-8 S form which is associated with RNA (Tymoczko & Phillips, 1983; Tymoczko et al., 1984) . Although the 7-8 S RNAassociated receptor can bind to DNA several times more efficiently than the unactivated glucocorticoid-receptor complex, the removal of the RNA by RNAase leads to further enhancement of DNA binding as well as conversion into a 5 S form (Tymoczko et al., 1984 (Tymoczko et al., , 1986 Rossini, 1985) . Whether RNA is associated with the glucocorticoid-receptor complex while it is in the RNAase-resistant 9-10 S form is not clear. There is a report that the 9-10 S receptor from AtT-20 cells is free of RNA and becomes associated with RNA on conversion into the 6 S form (Kovacic-Milivojevic & Vedeckis, 1986) . However, there are also reports that a highly purified 9-10 S receptor preparation from rat liver contains RNA . Furthermore, we have shown that, when 9-10 S receptor is isolated with monoclonal antibody to the receptor, distinct species of RNA are found in the receptor preparation .
Our previous work demonstrated that, to convert 9-10 S receptor into a DNA-binding form, a lowmolecular-mass activation inhibitor must be removed from the receptor (Anderson and Tymoczko, 1985) . Upon removal of this factor, the 7-8 S form of the receptor is seen, which can be digested with RNAase A or RNAase T1 (Tymoczko & Phillips, 1983) . Work by Litwack and collaborators has identified a protein factor that can stimulate activation of purified 9-10 S receptor (Schmidt et al., 1985) and suggested that this protein may be an RNAase .
Here we describe a protein factor from rat liver cytosol that is able to convert the 9-10 S receptor directly into a mixture of 5 S and 4 S forms without formation of the 7-8 S form of the receptor. The factor also enhances the ability of the glucocorticoid-receptor complex to interact with DNA-cellulose. This factor is apparently not an RNAase, as RNAase A is not able to mimic its effects. This factor behaves as an activation enhancer in that its ability to stimulate DNA binding is most profound with unactivated glucocorticoid-receptor complex.
HCI (pH 7.5)/1.5 mM-EDTA/1 mM-dithiothreitol/1000 (v/v) glycerol / 10 mM-sodium molybdate (TEDGM). The homogenate was centrifuged at 600 g for O min, and the supernatant was made to 28 nM with [6,7(n)-3H]dexamethasone and incubated on ice for 1 h. The sample was then centrifuged at 105000 g for 1 h, and the supernatant was used as the source of receptor. Specific macromolecular-bound steroid was at least 900 of the total dexamethasone radioactivity as determined by the dextran-charcoal technique (Beato & Feigelson, 1972) .
To prepare 9-10 S receptor and the activation factor, a 2 ml portion of cytosol was layered on an 8 ml DEAEcellulose (Whatman) column. The column was first washed with 20 ml of 0.05 M-KCI/TEDGM, followed by 20 ml of 0.2 M-KCI/TEDGM. The activation enhancer was eluted in the low-salt wash, whereas the unactivated receptor was eluted with the high-salt wash. Both samples were dialysed for 1 h against TEDG (TEDGM minus the molybdate) to remove the KCI and molybdate. The DEAE-cellulose procedure resulted in a 7-fold purification of the receptor, with a 500 yield. In some instances, as described in the text and Figure legends, a 10 mM-MgCl2/TEDGM wash was included after the 0.05 M-KC1/TEDGM, but before the receptor was eluted with the 0.2 M-KCI/TEDGM wash.
To prepare activated receptor, cytosol was prepared as described above, except that the homogenization occurred in 2 vol. of TEDG. The cytosol was then activated by warming at 25°C for 30 min. DEAEcellulose-purified activated receptor was prepared by placing activated cytosol on an 8 ml DEAE-cellulose column and washing with 20 ml of TEDG, followed by 20 ml of 0.2 M-KCI/TEDG. The activated 4 S receptor was eluted in the salt wash and dialysed against TEDG to remove the KCI. Activation-enhancer assay
To test for activation-enhancing activity, the receptor was incubated with either the fraction to be tested or buffer only at 0-4°C or 25°C for 30 min, as indicated in the Figure legends. The mixture was then cooled to 0-4 4C, and efficacy of activation was monitored by DNA-cellulose-binding 0.3 ml) were layered on to 5-20 % (w/v) sucrose gradients in TEDGM and centrifuged at 65 000 rev/min (372 000 g at rav of 8.13 cm) for 2.5 h. After centrifugation, the tubes were punctured at the bottom, and 0.2 ml fractions were collected and processed for scintillation counting.
[methyl-'4C]Ovalbumin (3.7 S) and ["4C]aldolase (7.9 S) served as internal sedimentation markers. Miscellaneous ["4C]Aldolase was prepared by formylation of aldolase by the procedure of Means & Feeney (1968) . Protein concentration was determined by the Bio-Rad protein assay, according to the manufacturer's directions.
RESULTS
In order to prepare 9-10 S unactivated receptor, we chromatographed cytosol prepared in the presence of molybdate on a DEAE-cellulose column. The column was first washed with 0.05 M-KCI in molybdatecontaining buffer, and the receptor was eluted with 0.2 M-KCI in molybdate-containing buffer. After removal of molybdate by dialysis, we monitored the ability of the receptor to bind DNA-cellulose. We found substantial variability in the percentage DNA-binding of a given receptor preparation after heat activation, from lows of 50 to highs of 40 %. Some of this variation is undoubtedly due to activation occurring during dialysis. However, in order to account more clearly for this variability, we reasoned that some factor may be being differentially removed from the receptor during the DEAE-cellulose chromatography. To test this hypothesis, we added various amounts of the low-salt wash to the DEAE-cellulose-purified receptor before heat activation and examined the DNA-binding ability of the receptor. As shown in Fig. 1 , the addition of the low-salt wash substantially stimulated the DNA-binding ability of the receptor. In this case, the low-salt-wash factor gave a 4.5-fold stimulation. The actual stimulation varied with the preparation of the receptor and the factor. Indeed, we have preliminary evidence that the variability is due to the receptor preparation. If the DEAE-cellulose column is washed with 10 mM-MgCl2/ TEDGM after the 0.05 M-KCI/TEDGM wash but before the 0.2 M-KCI/TEDGM, the resulting receptor displays lower control DNA binding and is stimulated by 600 % by the factor (C. Richardson, 0. Olevsky & J. L. Tymoczko, unpublished work (Tymoczko & Phillips, 1983; Tymoczko et al., 1984) . To examine whether the low-salt wash factor was able to alter the sedimentation value of the 9-10 S receptor, we incubated the receptor with the factor or with buffer only. As shown in Fig. 2 , the factor altered the sedimentation coefficient from 9-10 S to 4-5 S, relative to the undiluted control. In fact, there were usually two peaks, one at approx. 5 S and a shoulder at 4 S. We had previously reported that RNAase treatment of the 7-8 S receptor generates a 5 S form, whereas highsalt treatment yields the 4 S receptor (Tymoczko et al., 1986) . The alteration in s value was not due simply to dilution, as shown in Fig. 2 . Receptor diluted with buffer displayed some shift in sedimentation profile, but not nearly to the extent of factor-treated receptor. We conclude then that the low-salt wash of the DEAEcellulose column can enhance DNA-binding ability of the receptor while also shifting the s value to 4-5 S. This is consistent with the idea that the slower-sedimenting forms of the receptor are best able to bind to DNAcellulose.
The fact that the factor(s) stimulates DNA binding may be explained in two ways. The factor could enhance the proportion of receptor that is activated, or enhance the binding ability of activated receptor. To examine which of these possibilities is correct, we incubated the receptor with or without factor at 25°C for 30 min. The receptor without factor was then mixed with factor, and the incubation of both receptor preparations was continued on ice for 30 min. As shown in Fig. 3 Vol. 256 Volume (ml) Fig. 3 . The activation factor must be present during the 25°C incubation to exert its maximal effect DEAE-cellulose-purified receptor (55000 d.p.m./0.2 ml) was incubated either alone or with the indicated amounts of factor. At the end of this incubation, factor was added to the receptor that had been incubated alone, and both sets of receptors were then incubated on ice for an additional 30 min before measuring DNA-cellulose binding.
suggests that the factor is acting as an activation enhancer, perhaps leading to a conversion of the receptor into a form with better DNA-binding abilities, such as the 4 S and 5 S forms.
If the factor is acting as an activation enhancer, then its effects should not be as evident with preparations of activated receptor. To test this idea, we examined the effects of the factor on DEAE-cellulose-purified activated receptor and activated unfractioned cytosolic receptor. When increasing amounts of the factor were incubated with the various receptors at 25°C for 30 min and then assayed for the ability to bind to DNA-cellulose, the stimulation of DNA binding was most evident with the DEAE-cellulose-purified unactivated receptor (Fig. 4) . In this experiment, the factor stimulated 9-10 S receptor 2.5-fold more effectively than pre-activated DEAEcellulose-purified receptor or unfractionated cytosolic receptor. The stimulation observed with activated receptors may be due to the presence of some unactivated receptor in these preparations. Alternatively, even these so-called activated preparations may not have achieved maximal DNA-binding ability by thermal activation alone. These results are consistent with the factor playing the role of activation enhancer. For each receptor preparation, the maximal binding achieved was nearly the same (approx. 50 Oo), suggesting that there may be other factors limiting receptor-DNA interaction. Unlike the case with unactivated 9-10 S receptor, the factor had no effect on the sedimentation value of either the DEAEcellulose-purified activated receptor, which sedimented at 4 S, or the activated unfractionated cytosolic receptor, which sedimented at 7-8 S (results not shown) We have previously reported that RNAase can increase the DNA-binding ability of 7-8 S receptor as well as lower its sedimentation value (Tymoczko & Phillips, 1983) , and others have reported that RNAase A can act as an activation enhancer for purified 9-10 S receptor ). Under the conditions described here, RNAase A did not stimulate the DNA binding of the DEAE-cellulose-purified unactivated receptor. Moreover, RNAase had no effect on the sedimentation profile of the 9-10 S receptor, nor did the activation enhancer display any ability to degrade tRNA (results not shown). We can conclude that the activation enhancer is not an RNAase A-like activity.
To establish the nature of the activation enhancer, we preincubated it with various hydrolytic enzymes and tested the treated factor's ability to stimulate receptor DNA binding. As Table 1 . Sensitivity of the activation factor to various hydrolytic enzymes
The DEAE-cellulose low-salt wash (0.4 ml) containing the activation factor was incubated with 200 ,ug of trypsin, chymotrypsin, RNAase A or buffer only for 30 min at 37 'C. Proteolytic activity was stopped by the addition of 10-fold excess of lima-bean trypsin inhibitor, an amount previously shown to be effective at inhibiting the proteinases (Tymoczko & Lee, 1985) . After this incubation, the treated factors were mixed with DEAE-cellulosepurified unactivated receptor (43 000 d.p.m./0.2 ml) and incubated for 30 min at 25 'C and then assayed for DNAcellulose-binding ability. The control is receptor that was incubated with buffer only. Each value represents the average of duplicate or triplicate determinations.
Variations for each individual value never exceeded 10 % of the average. Vol. 256
There have been several reports that ATP can lead to the activation of the glucocorticoid receptor when the receptor is incubated with the nucleotide at 0°C (John & Moudgil, 1979; Moudgil & John, 1980) . Although the activation enhancer described here was non-diffusible and therefore not likely to be ATP alone, we reasoned that the enhancer may be associated with ATP. In the presence of receptor, this ATP might become available to the receptor. However, when the DEAE-cellulosepurified unactivated receptor was incubated at 0°C with ATP, there was an inhibition of activation (Fig. 5) . This result differs from those obtained by others using unfractionated cyosolic receptor, in which it was shown that ATP stimulates activation of the glucocorticoid receptor from rat liver (Moudgil & John, 1980) or rat thymus (Holbrook et al., 1983) . Moreover, if ATP was included in the incubation with the activation enhancer, the ability of the factor to stimulate DNA binding was greatly diminished. It is still not clear whether the ATP is acting directly on the receptor, on the factor, or both. The nature of this ATP effect requires investigation.
DISCUSSION
It is well established that the unactivated glucocorticoid receptor sediments at 9-10 S in molybdate-containing sucrose gradients. Upon activation under low-salt conditions, a 7-8 S recptor is formed. We have shown that this form, although associated with, RNA, is nonetheless capable of binding to DNA (Tymoczko et al., 1984) . To achieve maximal DNA binding, the receptor must be converted into slower-sedimenting forms. This can be achieved by passing the 7-8 S receptor over a DEAE-cellulose column, which yields the 4 S receptor (Sakaue & Thompson, 1977; Tymoczko & Lee, 1985) , or by treating the 7-8 S receptor with RNAase A, yielding an approx. 5 S form (Tymoczko & Phillips, 1984; Rossini, 1985; Tymoczko et al., 1986 ). Here we have presented evidence that DEAE-cellulose-purified 9-10 S receptor can be converted directly into the slowersedimenting 4-5 S forms by a factor that is eluted in the low-salt wash when the receptor preparation is chromatographed on DEAE-cellulose. This factor also enhances DNA-binding ability by 50-600 00, depending on the receptor preparation. Trivial effects cannot be used to explain these results, as neither dilution alone nor stabilization by additional protein mimic the effects of this factor. We believe that this factor is acting as an activation enhancer, since its effects are maximal on unactivated receptor and, further, it must be present during the 25°C incubation to exert its greatest effects.
On the basis of its elution profile from Bio-Gel A1.5 m and its sensitivity to trypsin, the factor is a protein of approx. 70000 Da. This factor is apparently distinct from one described by Okamoto et al. (1984) , which stimulated nuclear binding ofalready activated glucocorticoid receptor in an ATP-dependent fashion. Although this protein is also recovered in the low-salt wash of a DEAE-cellulose chromatograph of a receptor preparation, it differs in several important ways from the activation enhancer that we describe here. It is most effective with activated receptor, whereas the activation enhancer is most active with unactivated receptor. This protein is of 93000 Da, compared with approx. 70000 for the factor described here, and its activity is stimulated by ATP, whereas that of the activation enhancer is inhibited.
There are reports of a factor similar to the one that we describe here which is capable of converting highly purified unactivated 9-10 S glucocorticoid receptor directly into the 4 S form (Schmidt et al., 1985 . Those workers suggest that the factor is RNAase, because RNAase A can substitute for the factor. In our hands, RNAase A has no effect on the 9-10 S form of the receptor (the present work; Anderson & Tymoczko, 1985) . It is not clear why RNAase A has no effect on the partially purified 9-10 S receptor used in these studies while having a dramatic effect on the highly purified 9-10 S receptor. Those workers did note that actual RNA hydrolysis by the RNAase is not required for activation stimulation to occur, but an intact RNAbinding site on the RNAase is .
Although the nature of the activation factor that we describe is still unclear, it is interesting to speculate on its function in light of its similarity to certain other proteins. Others have reported that a similar-sized protein (72 000 Da) is associated with the glucocorticoid receptor from rat liver . These workers suggest that this protein interacts with the receptor on the chymotrypsin-sensitive domain and plays a role in regulating receptor-DNA interactions. This is the location that we have postulated as the site of interaction of RNA (Tymoczko & Lee, 1985) , as well as non-steroid-binding protein factors , with the receptor. We have also suggested that these factors may play a role in regulating receptor function. Conceivably, the 70000-Da protein that we describe here may be loosely associated with the receptor, and dissociates during the DEAE-cellulose purification. In fact, the 72 000-Da protein's interaction with the receptor is not very tight Gustafsson et al., 1986 ), so it is quite possible that it would be lost during ion-exchange chromatography. Those workers suggest that this protein is associated with the receptor when it interacts with DNA . Others have described a similar protein that is associated with activated human progesterone receptor (Estes et al., 1987) . We have yet to establish whether the activation factor remains associated with the receptor after enhancing activation. Whether the protein that we describe has any relationship to the 72000-Da protein found in some preparations of receptor will require further characterization of the activation enhancer.
